Abstract: Formamide colloidal suspensions of layered double hydroxides (LDHs) with anionic dye, meso-tetrakis(4-sulfonatophenyl)porphine (TPPS) were prepared. Optical properties of these suspensions were investigated by means of absorption and fluorescence spectroscopies in the visible region. For more detailed characterization, second derivative curves of the spectra were calculated. The adsorption of the dye on LDH nanosheets led to partial molecular aggregation, reflected in significant changes of the dye optical properties. The Soret band in the absorption spectra was split into two peaks and decreased in intensity. Changes were observed also for the Q-bands. The molecular aggregation significantly quenched the emission of the dye. The low intensity emission from dye H-aggregates was identified at slightly longer wavelengths. The molecular aggregation increased with the dye/LDH ratio. At low dye loadings, the optical properties were very similar to the dye solution. The yields of the dye molecular aggregation increased with LDH surface charge.
Introduction
Layered double hydroxides (LDH) are interesting inorganic materials, which have large potential to be applied in novel industrial applications [1, 2] . Microscopic layered particles consisting of the sheets of sub-nanometer thickness are positively charged, and the charge is compensated with anions such as CO 3 2-. During recent decades, there has been a major advance in the development of various methods for the preparations of these materials. LDH materials of variable structure, composition and various inorganic or organic interlayer anions have been developed [3] . The fields for applications are similar to those of other layered inorganic materials and include chemical catalysis [4] , environmental chemistry [5] , nanocomposites of polymers [6, 7] , pharmaceutical and food industries [8] , hybrid materials, etc. A superior property of LDH containing specific anions (NO 3 -, ClO 4 -) is the formation of stable colloidal suspensions in formamide [9, 10] . The properties relate to macroscopic swelling and complete delamination of the crystals in the solvent, and interesting colloid systems are formed even at relatively high LDH concentrations. Clear, transparent and viscous gels can be formed from an LDH of relatively large particles.
Hybrid materials based on organic dyes and inorganic carriers are under consideration for application in various industrial fields. Materials based on LDHs and organic dyes exhibit very interesting properties [3, 11] . The photochemical activity of hydrotalcite/porphyrin materials was studied in detail, and potential application of such materials in antimicrobial disinfection has been proposed [12] . The intercalation of porphyrin dyes into the LDH matrix can improve the dye's catalytic properties [13, 14] . The properties of gels, as true colloids with delaminated layered particles, provide some advantages for the preparation of organic/LDH hybrid materials: the LDH surface is fully accessible for the adsorption of organic anions. Employing organic solvents such as formamide is advantageous because of fewer problems concerning solubility and molecular aggregation of the organic component. An organic solvent may prevent acid/base and other reactions, which may take place in aqueous systems [15] . Optical properties, such as transparency, achievable even at high concentrations, are advantageous for specific applications, e.g. the construction of optical materials and coatings.
The objective of this study is to investigate the spectral properties of formamide colloidal suspensions of LDHs with the tetraanionic meso-tetrakis(4-sulfonatophenyl)porphine (TPPS). In general, there are problems in the preparation of solid hybrid materials based on adsorbed dye molecules (ions) on the surfaces of inorganic carriers. Molecular aggregation of dye molecules frequently occurs [16] , which often leads to redundant properties, such as a loss of fluorescence or photosensitization properties, chemical reactions, etc [15] . This work deals with a detailed characterization of absorption and fluorescence properties of TPPS in true LDH colloids with delaminated nanosheets in formamide. The results indicate plausible directions for further developments of hybrid TPPS/LDH materials.
Experimental Procedures
The synthesis of two LDH specimens with the formula Mg x Al(OH) 2(x+1) (ClO 4 ), where x ~ 3 (LDH3) and ~ 2 (LDH2), has been described elsewhere [17] . Both samples formed stable colloids in formamide prepared by immersing dry LDH powder into the solvent. Ultrasonic treatment (5 min) and shaking was used until a transparent sol was formed. For the LDH2, a partially cloudy colloidal dispersion was obtained probably due to the remaining incompletely delaminated LDH particles. LDH colloidal suspensions were combined with TPPS formamide solution to obtain mixtures with a constant TPPS concentration (1.6 × 10 -6 mol dm -3 ). Mixtures of TPPS/LDH ratios (0.05, 0.1, 0.25, 0.4 and 0.5 mmol g -1 ) were prepared, in order to match an anion exchange calculated according to a single monovalent anionic group related to 0.2 to 2.0 mmol g -1 . Ultraviolet-visible (UV-Vis) absorption spectra were measured using a V-550 UV-Vis spectrophotometer (Jasco Co., Ltd.) at room temperature (23ºC). Fused silica glass cuvettes, transparent in a UV-Vis spectral range (>190 nm), were used for the spectra measurements. The spectra were measured using a reference sample based on pure formamide. The fluorescence spectra were measured using a Shimazu RF5300PC spectrofluorometer. Both the excitation and emission spectra were measured; the basic parameters such as excitation or emission wavelengths are mentioned in text below. Formamide showed no significant fluorescence under the conditions used. The identities and the positions of the bands in UV-Vis spectra were analyzed using second derivative spectroscopy with a 10 points Savitzky-Golay smoothing. The fluorescent spectra were smoothed using 10 points of Fast Fourier transform by removing Fourier components with higher frequencies. The smoothing did not affect broad components of the emission spectra. It had to be performed prior to the calculation of the second derivatives due to relatively large noise in original fluorescent spectra.
Results and Discussion
UV-Vis absorption spectra. Absorption spectra of TPPS/LDH3 formamide colloids are shown in Fig. 1 and compared with that of TPPS solution. The spectra clearly show the changes in a Soret band region. Using second derivative spectroscopy, two components of the Soret band were clearly identified ( Table 1 ). The dye 300 400 500 600 700 solution exhibited a strong and narrow band at 419 nm with a slight contribution of a high energy component (400 nm). This component was hardly observed in the absorption spectrum of the solution, but identified only with the second derivative spectrum. The TPPS spectrum indicates that the majority of the dye in the solution is in the monomeric (non-aggregated) form (419 nm absorption). Considering its large molecular size, TPPS has a low tendency to form molecular assemblies at low concentrations, probably because of the electrostatic repulsion caused by four anionic sulfate groups at the periphery of the molecule.
The high energy component increased remarkably in its intensity after addition of LDH3 to the system. At the low TPPS/LDH3 ratios (0.05 and 0.1 mmol g -1 ), there was only a weak shoulder at 395 nm in the spectrum. The absorbance of this component increased with increasing TPPS loading on the LDH3 surface. Both components in the Soret band were almost equal in intensity at 0.25 mmol g -1 TPPS/LDH3 ratio. The second derivative spectroscopy revealed slight changes in the position of the high energy band to longer wavelengths (395 to 404 nm) with increasing TPPS loading ( Table 1) . Similar changes of absorption spectra were identified for TPPS in the solutions with cationic polyelectrolytes [18] , and the Soret components were assigned to the anions bound to the polymer (400 nm) and to free anions remaining in solution bulk (420 nm). This interpretation is not completely applicable for our results. In the reaction systems measured here, the TPPS concentration was kept constant and variable TPPS/LDH ratios were achieved with different amounts of LDH. The lower the amount of LDH, the higher the TPPS/LDH ratio and the stronger the band at higher energies. Free dye anions remaining in the solution would be expected with the lowest concentration of LDH. However, for this case, the absorbance of the low energy component was the lowest. Hence, the species absorbing at 420 nm could not be assigned to free dye molecules in the solution. We assume that this form was adsorbed dye anions, which did not form molecular aggregates and exhibited properties similar to the dye in solution. The absorption at 400 nm was assigned to the molecular assemblies. In general, there are two types of assemblies formed in porphyrin solutions or at interfaces. H-aggregates, based on a sandwich-type association, are characterized by light absorption at higher energies. J-aggregates, which are generally less frequent, are built from headto-tail associates and absorb light of lower energies [19] . Although, TPPS is known to form the J-aggregates [20] , especially in acidic solutions, this is not the case for the colloids with LDH. No Soret band component or enhanced absorption at longer wavelengths typical of J-type assemblies was observed. Nevertheless, the presence of the band at about 400 nm indicates the formation of the H-aggregates. Apparently, the amount of H-aggregates significantly increased with the TPPS/ LDH ratio. This can be interpreted in terms of increasing local concentration of the TPPS cations either at electric double layer zones of the colloid particles or at the LDH surface upon the dye adsorption. The absorption bands in the spectra became relatively broad for the systems of high TPPS/LDH ratio (0.4 and 0.5 mmol g -1 ). It indicates the formation of disordered assemblies, such as molecular aggregates of variable structures and sizes. Similar features were observed for the Q-bands. The shift to longer wavelengths was observed for all the Q-bands, if LDH was incorporated to the systems. The broadening of the Q-bands increased with the TPPS/LDH ratio. Molecular association is indicated by splitting of the Q-bands at lowest energies (around 650 nm) ( Table 1 ). The absence of the H-aggregates was observed for the solid-state materials based on TPPS and LDH [12] . Probably, the role of the colloidal state and the presence of solvent play a significant role in the enhancement of the molecular aggregation. A similar feature was observed for the systems based on cationic dyes and layered materials with negative charge. The H-aggregates of methylene blue (MB) were formed in colloidal dispersions of various clay minerals [15] , whereby the molecular aggregation in solid films based on the same components was limited to the small amounts of H-type dimers [21] .
There is another interesting feature of the absorption spectra of TPPS/LDH colloidal suspensions, when compared with similar systems composed from cationic porphyrins adsorbed on the colloid particles of negatively charged layered silicates. Intercalation or adsorption of tetracationic tetra(p-N-methylpyridyl)porphine on a silicate surface is accompanied by a strong shift of the Soret band to longer wavelength and significant changes in a Q-band region [16] . These spectral changes were assigned to a flattening of the N-methyl-pyridyl groups to become parallel to the porphyrin ring plane. The driving force for the fattening was interpreted as a consequence of the parallel alignment of the porphyrin molecule on the silicate surface. Absence of this phenomenon for TPPS adsorbed on LDH might indicate a different adsorption state, including the possibility of perpendicular orientation of the dye with respect to the surface of inorganic carrier. This may be due to the lack of "size-matching" between the high-layer-charge LDHs and large TPPS molecules for parallel arrangement; however, any definitive answer of this phenomenon is beyond the scope of this work.
No J-aggregates were formed, which would be otherwise detected as a sharp band at longer wavelengths of the Soret band edge (~ 490 nm) [20] . The J-aggregates of TPPS are mostly formed in acidic solutions, which convert the TPPS anion to a zwitterion by protonation of the imino nitrogens in the molecule. The formation of positive charge sites promotes an electrostatic attraction with negatively charged sulphonate groups. The absence of the J-aggregates is probably related to insufficient acidity in the LDH formamide colloids. Formamide is solvent which does not exhibit significant acidity [22] . LDH-based materials are in nature basic compounds, sensitive to acid and cause the enhancement of pH values in their colloids.
More significant dye aggregation was observed when higher charge LDH2 was used. Trends and evolution of the Soret band components at low and high wavelengths were more sensitive to the TPPS loadings in the presence of LDH2 (Fig. 2) . Indeed, the spectrum of TPPS/LDH2 at the loading 0.05 mmol g -1 is similar to that of TPPS/LDH3 at the loading 0.25 mmol g -1 (Figs. 1, 2) . Other comparable TPPS spectra are those with LDH3 and LDH2 at the loadings 0.10 mmol g -1 and 0.40 mmol g -1 , respectively. High TPPS loadings on LDH2 brought about broadening of both the Soret and Q-bands. The latter were almost unresolved by the absorption spectroscopy. The aggregation of TPPS anions was too large in the colloids of LDH2. Enhanced molecular aggregation of TPPS could be caused by higher surface charge density of LDH2. Similar effects have been observed for cationic dyes and clay minerals [15] . Another property which should be taken into account is the lower stability of LDH2 colloids, as had been mentioned above. Non-perfectly delaminated layered particles of LDH2 may provide less surface for the adsorption of TPPS. This could lead to heterogeneous adsorption of the dye and a higher concentration of adsorbed dye cations on the accessible surface. One could conclude that LDH materials of lower layer charge are more suitable candidates for the hybrid optical materials based on TPPS dye embedded in LDH matrix. Indeed, LDH3 formed perfectly transparent colloidal suspensions and induced molecular aggregation of TPPS anions to lower extents than the higher charge specimen.
Fluorescence spectra. Emission spectra were measured upon the excitation at 590 nm. Pure TPPS solution in formamide gave two bands related to Q(0, 0) and Q(0, 1) transitions (Fig. 3) . The position of the bands was identified at 648 and 714 nm using second derivation. Only slight shifts were observed for the systems containing LDH3 colloid particles at low loadings; the bands shifted to 652 and 718 nm, respectively (Fig. 1) . A significant reduction of the emission could be explained by the presence of nonluminescent molecular assemblies, H-aggregates, whose presence was established by absorption spectra. The H-aggregates additionally may quench the emission from present TPPS monomers. More significant changes occurred for the largest loadings. The emission dropped significantly and qualitative changes in the spectra were observed. Probably, the amount of formed H-aggregates was very high in these cases. Owing to the low emission yields, more details on fluorescence changes were observable only from calculated second derivative curves (not shown). The band at lower wavelength split into two components centered around 300 400 500 600 700 . dominant in the system with TPPS/LDH ratio of 0.40 mmol g -1 . The intensity ratio of the bands was opposite for the dispersions containing 0.5 mmol TPPS g -1 LDH3 (not shown). Apparently the band at longer wavelength was due to low emission from molecular aggregates. This is in agreement with similar changes observed for the systems based on TPPS in micelles [23] . The low emission band, red-shifted with respect to that for monomers, was assigned to the H-aggregates. Radiative decay from forbidden states has been explained in terms of interaction of electronic and vibronic states. Another example was the formation of the H-aggregates in cationic polyelectrolyte solution [24] . At relatively high ratios TPPS / poly(diallyldimethylammonium chloride), H-aggregates were formed. The H-aggregates formation was followed with spectral changes similar to those observed in this work.
Additionally, emission spectra of the dispersions based on LDH2 were measured under the same conditions. Quenching of the fluorescence was even more significant than that observed for the TPPS/ LDH3 dispersions (not shown). Fig. 4 presents the second derivative curves of selected emission spectra to show the splitting of the first emission band. Dye adsorption at low loading (0.05 mmol g -1 ) did not cause significant changes in the emission band at 650 nm. At the loading of 0.40 mmol g -1 , splitting of this band into two components at 650 and 670 nm of similar intensities was observed. The lower energy band assigned to the H-aggregates was dominant in the dispersion of the highest TPPS loading 0.50 mmol g -1 . Along with these changes, the emission band at 730 nm disappeared and very broad emission and poorly defined bands were identified using the otherwise very sensitive method of second derivation.
4.Conclusion
The tetracationic dye meso-tetrakis(4-sulfonatophenyl) porphine was strongly adsorbed on the surfaces of layered double hydroxides, which led to its molecular aggregation. Formation of H-type molecular assemblies of the dye was established by means of absorption and fluorescence spectra. The extent of the molecular aggregation of the dye depended significantly on the dye loadings and was enhanced on the surface of hydrotalcite with high charge density. Present H-type assemblies exhibited only a weak emission and probably took part in fluorescence quenching of co-existing isolated dye cations. In summary, the dye molecular aggregation is very sensitive to the presence of LDH, and increases dramatically with growing dye loadings. Hybrids based on LDH and porphyrin dye potentially could be used as solid photochemical materials under the condition of low loadings of the dye. In future, we plan to continue in this study to apply formamide colloidal suspensions as starting systems for the construction of solid optical films.
